Abstract-High-voltage (a few hundred kilovolt), short pulses (microseconds to to nanoseconds) have been found to be effective for various biological decontamination applications, such as cleaning of water with bacteria/algae. Marx generators are most commonly used for this purpose. A serious disadvantage of Marx generators is the increase in rise times due to series inductance. To alleviate this effect, peaking capacitors have been used to produce early time, fast-rising pulses that the Marx generators otherwise cannot supply due to their relatively high series inductance. This paper presents the results of the design and development of a 600-kV, 50-ns-rise-time, and 250-ns-duration pulse generator using a peaking capacitor. A 132-kV condenser-type bushing of 650-kV BIL and 230-pF capacitance was used as a peaking capacitor to reduce rise time. The effect of the peaking capacitor was also studied employing circuit modeling of the generator and the influence of various parameters was investigated. There is a good correlation between the experimental and the numerical results.
Influence of Peaking Capacitors in Reducing
Rise Times of High-Voltage Nanosecond Pulses I. INTRODUCTION S UCCESSFUL application of pulsed electric fields of various shapes and magnitudes have been used for various purposes, such as cell fusion [1] , [2] , drug delivery [3] , food treatment [4] , and other biological, biotechnology, and medical treatment. This includes the use of pulsed electric fields to treat biocontamination in air and water [5] - [9] . Streamer discharges in water have been found to be effective in killing biocontaminants of water and offer new and promising ecological applications of pulsed electric power [8] . Application of electrical breakdown to water containing Bacillus stearothermophilus and Cryptosporidium parvum effectively killed the microorganisms [5] , [8] . The advantages of electrical pulses are convenience, automatic control, high repetition rate, as well as being applicable to all types of biological cell membranes [2] .
Application of 200-kV discharges to generate streamer discharges using point-plane electrodes was reported by Akiyama [7] . Generation of streamer discharges in tap water and distilled water using 120-175 kV and 500-ns duration to a wire-to-electrode configuration was reported by Katsuki et al. [6] . Application of pulses of 10-ns rise time and 150-ns duration for treatment of conducting liquids and air was reported in [9] . Thus, it can be seen that streamer discharges for large volumes of water treatment need voltages of magnitudes of 100 kV or more and rise times in tens of nanoseconds and durations of hundreds of nanoseconds (ns). This paper reports the design and development of a Marx generator with a peaking capacitor to develop an output voltage of up to 600 kV. The rise time was 50 ns with the peaker, and 80 ns without the peaker. The pulse duration was about 250 ns, comparable to the pulse durations used by other researchers [6] , [9] .
II. GENERATION OF HIGH-VOLTAGE PULSES
High-voltage (HV) pulses with fast rise times are typically generated by fast discharges. Marx generators are most commonly used for this purpose, which are also used in the present work [5] , [7] , [10] . The basic concept of Marx is to charge a number of capacitors in parallel and discharge them in series, wherein the output generated is , where is the number of capacitors and is the capacitor charging voltage. The conventional Marx generators cannot supply the fast rise times needed in the order of a few tens of nanoseconds. This is because most Marx generators have very high inductance to produce a fast pulse if switched directly into the load. It is, therefore, necessary to use an intermediate low-inductance capacitor, which is fast charged by the Marx generator and then switched into the load. Either "transfer" or "peaking" circuits can be used to accomplish this [10] - [13] .
In a transfer circuit, the required energy is transferred by the generator to the fast capacitor before closing the output switch; the fast capacitor then produces the entire output pulse by discharging into the load. The generator inductance is important in that it influences the charging time of the fast capacitor. Energy transfer time to the fast capacitor must be long compared to the output pulse duration to maintain the output waveform purity. In a peaking circuit, the output switch closes as the voltage reaches 0093-9994/$20.00 © 2005 IEEE Fig. 1 . Experimental setup for the Marx generator with peaking capacitor (peaker). The Marx generator has inclined configuration to reduce height and, hence, stray and lead inductance. The 230-kV bushing used as the peaker is kept parallel to the Marx column (as closely as possible). The associated circuitry such as the autotransformer controlling the input to a transformer which, in turn, is rectified and used to trigger the generator is also around.
the peak, and the fast capacitor stores only the energy needed for the fast rise; this places an emphasis on a low inductance for the primary generator since the peaking capacitance value and the time needed to charge it are both proportional to the generator inductance. For pulsed power applications, either circuit is appropriate; however, the peaking circuit is more often preferred. Apart from the reduced energy and volume of the fast capacitor, there is another advantage, that is, the output switch can operate with nanosecond jitter without being triggered, because it closes on a fast rising voltage waveform [10] . Peaking capacitors have traditionally been used to improve the rise time of HV electromagnetic pulse (EMP) generators. Giri and Baum discuss theoretical considerations for optimal positioning of peaking capacitors for their EMP pulser [11] . Schilling et al. reported the use of both transfer capacitor and peaking capacitor to improve the rise time from 10 ns (at 1 MV) to around 1 ns (at 300-500 kV) of their EMP pulser [12] . The improvement of rise time using a peaking capacitor (peaker) was also reported by Mattison et al. [14] . Peaking capacitors have been extensively used in laser pulse applications to improve the performance as has been shown by a series of investigations [14] - [16] .
III. CONSTRUCTION OF THE PULSER
The HV nanosecond pulser configured in this work is shown in Fig. 1 . It comprises a Marx column, a peaking capacitor, and a terminating load. The Marx column consists of five stages, each stage having two capacitors, each of 0.02-F and 60-kV rating (thus capable of generating 600 kV) mounted on an inclined plastic support. The inclined configuration was chosen to reduce the height and, hence, the inductance of the Marx column. The capacitors are charged using a voltage-doubler circuit. The spark gaps used for switching adjacent capacitors are made of copper hemispheres, of diameter 12.5 cm. They are connected very close to the capacitors to reduce the inductance. All the leads, terminal connections, etc., are shortened to achieve reduced inductance. A simple trip pulse generator of 10-kV output is used to trigger the Marx using a Trigatron gap arrangement. The spheres are so arranged such that, when a trip pulse is given, it fires the first gap and all other gaps fire in a very short time, giving rise to HV output of 10 60 600 kV. The output voltage of the pulser is controlled by means of an autotransformer at the input.
The peaking capacitor can either be a single capacitor or an array of capacitors, positioning of which is critical in improving the rise time. The peaking capacitor used was a 132-kV condenser-type bushing, with a BIL of 650 kV. Its capacitance is 230 pF and the estimated inductance is less than 10 nH. The peaker capacitance is given by [11] , [12] ( 1) where is the Marx inductance, is the terminating impedance (load), and is the total inductance of the setup. The peaking capacitor is about 180 cm long and runs parallel to the Marx setup (Fig. 1) .
A calculation of for the current values of pF, H, and works out to be 222 pF, which correlates very well with the measured value of 230 pF for the peaking capacitor used in the present study. The terminating impedance used is a column of copper sulphate solution in distilled water with suitable terminals for connections.
IV. TESTING OF THE PULSER
The pulser had been set up with all its accessories for the generation of nanosecond HV pulses. The gaps were set for a reduced output in the range of 100-200 kV. The liquid column resistor is designed such that it can also act as a voltage divider to feed input to the scope used for the measurement. The HV arm resistance is 200 and the low-voltage (LV) arm resistance is 0.9 . This gives a divider ratio of 240. A Haefely 721 oscilloscope was used through a 250-ns delay line to record oscillograms of the pulses generated. Oscillograms have been obtained with and without the peaker in the circuit.
Figs. 2 and 3 show typical oscillograms obtained with and without the peaker. 3 shows a typical oscillogram for the circuit without the peaker. Now, the oscillations had been considerably reduced and a smoother waveform was obtained. Hence, it can be concluded that the peaker caused the oscillations and this was verified by doing theoretical analysis, assuming the peaker as a distributed capacitance [5] . While the waveform is smoother without the peaker, it also has increased rise time and reduced magnitude. The rise and fall times without the peaker were 70 and 180 ns, respectively, compared to 50 and 150 ns with the peaker and the output is 120 kV compared to 150 kV with the peaker for the same input. Fig. 4 shows the well-known Marx equivalent circuit of stages, where is the Marx capacitance (pF), is the peaker capacitance (pF), is the Marx inductance ( H), is the peaker inductance (nH), is the load resistance ( ), and is the charging voltage of Marx (kV). and are the Marx switch and output switch, respectively.
V. THEORETICAL ANALYSES
The circuit is analyzed in four different configurations, namely, Case A: where both the switches are closed simultaneously; Case B: where the output switch is closed at a later time, , corresponding to the time at which the peaker reaches its maximum; Case C: same as case A but with ; Case D: without the peaker ( , , ). For Case A [ Fig. 4(a) ], the output equations are given by (2) in the Laplace domain, where , , , , and , respectively. The time-domain output was derived from the inverse Laplace transform. Waveforms were computed for various values of , , , , , and , keeping constant. Table I gives the rise time, peak output voltage obtained, and the fall time for a number of cases. Figs. 5 and 6 show the waveforms obtained for two different sets of parameters.
The simulated rise times for Case A range from 58 to 125 ns. This is in line with the experimental value of 50 ns obtained with the peaker in the circuit.
In order to improve the rise time, the output switch was closed at a later time , corresponding to the time at which the peaker reaches its maximum to get fast rise times of 10 ns or less (Case B). Fig. 4(b) shows the circuit for times and . The output equations in this case for the current ( ), peaker voltage ( ), and Marx voltage ( ) are (3) (4) (5) where ; ; and the total inductance of the Marx-peaker circuit. Fig. 7 shows a typical illustration of the variation of , , and . Now, when the output switch is closed at , the output voltage was derived as (6) where Waveforms were computed for various values of , , , , , and , keeping constant. Table II gives of , being 500 nH in the first case and 100 nH in the second case, drastically improving the rise time by almost 50% to 2 ns from 4.18 ns and the voltage overshoot to 1030.2 kV from 945.2 kV in the previous case. However, this kind of reduction in rise time was not obtained in the actual experimental setup. The rise time was 50 ns, better than the 80 ns obtained without the peaker, but not close to the simulated value of 4.18 ns. This might be due to the high inductance of the peaker capacitor and any other inductance in the setup. Also, while the experimental peaker showed oscillations in the waveshape, there was no overshoot and dip (notch [10] ). However, the simulated waveform had the notch.
Outputs were also derived for Cases C and D. Tables III and IV furnish the outputs obtained for various input parameters and Figs. 10-12 illustrate the waveforms obtained. It can be seen that there is excellent correlation between the experimental and the computed waveforms for case D, without peaker (Fig. 11) . The experimental rise time was 70 ns, and the simulated rise time was 67.7 ns. Tables I-IV give the details about the three quantities of interest, rise time , peak value of output voltage , and fall time (50% ), for a set of input parameters for the four cases, A, B, C, and D respectively. For Case A, from Table I , it can be seen that the influence of inductance is negligible over either or or (Trials 1-3), when was varied from 500 to 250 nH and 100 nH, keeping all other values constant. The influence of was also negligible for the range 5-50 nH (Trials 1-4) . A similar trend was also observed with for the range 200-250 pF (Trials 1-4 and 11-12). The parameters with pF were almost the same with pF (data not shown). However, when was changed from 230 to 100 pF, there was a reduction in and , and a significant increase in . Similarly, increasing from 230 to 1000 pF resulted in doubling , a slight reduction in , and an appreciable increase in . However, since such a wide range is not used in practice, results were not shown. The most influencing parameter seems to be (as expected in any Marx). When was reduced from 10 to 5 H (Trials 5-7 and 11-12), the rise time reduced, the peak voltage increased and was nominal, proving again the well-known concept that reduction in Marx inductance is a major parameter for obtaining reduced rise times. An increase in (Trials 6 and 11) showed an increase in , a slight reduction in , and nearly doubled (from 220 to 410 ns). When both and were increased together proportionally (Trial 8), all the three quantities, , , and were enhanced appreciably. From the above evaluation, the following points can be derived.
VI. DISCUSSION OF THE RESULTS
• , , and do not influence much the rise time, the peak output voltage, and the fall time.
• has influence over all three quantities. • affects in direct proportion.
• has a stronger influence than others. The lower the value of , the better the result • The most desirable values were given by Trials 6 and 7 From Table II, it was found that when was reduced from 500 to 250 and 100 nH, respectively, it had a strong influence over , and (Trials 1-3), enhancing from 8 to 5 and 3 ns and increasing from 945 to 987 and 1026 kV, respectively. However, the fall time was not affected during this change. Influences of and were not significant (Trials 1, 4, 5, 7, 10 and 11).
affects the in direct proportion, like in Case A.
also does not influence much except for a slight increase in (Trials 6 and 11). also did not affect much except a small increase in tail time. In all the above cases, notch [10] , a dip after the peak was observed (Figs. 8 and 9 ) which is not desirable. From the above evaluation, the following points could be noticed.
• has a strong influence on all three quantities, contrary to Case A, which is expected as the peaker and the inductance of the switch are coming into the picture for Case B.
• Reduction in and does not have much influence. • affects in direct proportion. • does not have much influence on its own. However, when increased along with , it increased all three quantities.
• The effect of is not significant on any of the three quantities.
• A notch occurs in all cases. Table III was obtained from Table I using , hence, the same discussion holds good for Case C.
For Case D, where (without peaker), Table IV gives the data for various cases. Here, reduced and , but increased slightly (Trials 1 and 5). Reducing appreciably reduced and (Trials 5, 6, and 7) while is increased by 10%. However, when is increased, the effect of reduction of on was not felt (Trials 9, 10, and 11). Increase of considerably influenced , , and (Trials 8-12). A nominal change in ( numbers 8 and 9) does not alter the situation much. The points that could be derived are as follows.
• Both and have a strong influence on , , while is not influenced by , but by to some extent. Reduction of offers results as desired, while an increase in enhances all three quantities. • and are in direct proportion.
VII. SUMMARY
The Marx peaker generator performed well at the reduced tested input voltage of 190 kV. It had a 50-ns rise time and 150-ns fall time with the peaker. The rise and fall times degraded to 70 and 180 ns without the peaker. The outputs were 150 and 120 kV with and without the peaker. These parameters meet the requirements of pulsed power applications for water, liquid, and air cleaning very well. By charging to the total voltage, the designed output of 600 kV can be realized. The oscillations in the waveform with the peaker may be reduced using improved measurement techniques to faithfully reproduce the waveform generated with the inclusion of peaker and the output switch. Optimization of the location of the peaker might also help to reduce the inductance and, hence, improve the waveshape.
Theoretical computations gave an insight into the influence of the various parameters, such as Marx capacitance , Marx inductance , peaker capacitance , output switch inductance , etc., on the various quantities of interest such as rise time, peak output voltage, and decay time. It was found that , output switch inductance, had a strong influence in determining rise time and peak output voltage when the output switch is closed at , a later time corresponding to the time at which the peaker voltage is at its maximum. Rise times in the order of 2 to 4 ns were obtained theoretically. These values may be realized in the actual circuit by reducing the inductance as much as possible. More work in this line can enhance the performance of these kind of Marx peaker circuits for various pulsed applications of biodecontamination.
